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Abstract
This paper presents Large Eddy simulations of flow and acoustic computations around 2D and 3D airfoils using a novel
type of mesh called voxel mesh. Voxel mesh refers to the mesh that has different number of nodes in the neighbouring cell
layers. Voxel mesh has many advantages such as creating cells with minimum skewness, automatic mesh generation and
yet validated in boundary layer computations. In this paper we
validate the use of voxel meshes in boundary layer computations in 2D and 3D airfoils. Six cases were tried out in the
research three 2D meshes and three 3D cases were tried out. Each case was simulated at Reynolds number and
attack angle of 90. Flow field computation was done by FrontFlowBlue-7.2 software the acoustic computation was done by
using FrontFlowBlue-Acoustic2.2 software. The results obtained from the simulations were compared with the experimental
values. The use of voxel meshes to resolve the boundary layer in turbulent fluid flows could be validated using 2D airfoils.
Therefore voxel meshes were used in 3D airfoil flow computations. After successful flow computations the source
fluctuations in the flow was used for the acoustic computations. The sound pressure levels computed from the acoustic
computations were compared with the experimental values. Some oscillation in the pressure could be observed due to the
step like structure at the surface of voxel mesh but these variations were less apparent in meshes that had smaller cells.
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Nomenclature
Re Reynolds number
Cp pressure coefficient
Cl lift coefficient
Cd drag coefficient
SPL        sound pressure level
Greek symbols
boundary layer thicknesses
1. Introduction
1.1. Voxel mesh
_______
* Corresponding author. Tel.: +81-80-4323-8484; fax: +81-30-5452-6191.
E-mail address: yasaradu@iis.u-tokyo.ac.jp
33 Mudunkotuwe Hitiwadi Vidanelage Dulini Yasara Mudunkotuwa and Kato Chisachi /  Procedia Engineering  61 ( 2013 )  32 – 39 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 1 : A voxel mesh of three layers with different resolutions in each layer 
Voxel mesh (Fig1) refers to a mesh that has different number of nodes in the neighboring cell layers. This can lead to 
create meshes that have finer resolutions in the necessary areas without increasing the number of cells in the other areas. 
Voxel meshes have many advantages over standard body fit meshes such as creating cells with minimum skewness, 
automatic mesh generation and uniformity in cell shapes and sizes in the same layer. There are some inherent disadvantages 
of using voxel meshes as well. Since voxel meshes use cubes to represent the shape of the object, it results in a step like 
surface over the object. These ste
in the cell shape or the size near the surface.There is several software that support creating voxel meshes such as Vcad and 
Snappyhexmesh. We have utilized snappyhexmesh in this research. It is necessary to use voxel meshes in simulating flow 
around an airfoil with an open tip. 
 
1.2. Aeroacoustics 
Aeroacoustics is the study of generation and propagation of aerodynamically generated sound, encompassing the study of 
how such sounds are produced, how they propagate through various media how they interact with obstacles or barriers or 
wave-bearing surfaces, how they radiate away, how they can be managed or controlled, and how they are measured or 
predicted. Aerodynamically generated noise refers to the noise generated in the moving fluid flow itself and the influence of 
non-vibrating and stiff bodies along the flow [1].  
The flow generated noise has become an important topic in various engineering areas such as automotive, civil, energy 
and aeronautical engineering. The field of aeroacoustics originated after Lighthill formulated his aeroacoustic wave 
equation in 1952 [2]. This field has matured dramatically in the past three decades, especially through the increasingly 
stringent limits imposed on the noise emissions of civil aircrafts 
1.3. Open-tip airfoils 
Most of the flow fields that are of interest to engineers and scientists are 3 dimensional in nature, such as wind turbine 
blades and aircraft wings. In an airfoil with an open-tip, we can observe the forming of tip vortices. Tip vortex flow is 
highly unsteady and turbulent. The tip vortex system originated from the interactions between the primary and the 
secondary vortices, the vortices and the separated shear layer occur simultaneously in the flow field [3]. To observe these 
3D flow structures we need to create a mesh with an open tip this can be easily facilitated by using a voxel mesh 
2. Research objectives 
There are four objectives to this research. So far the voxel meshes ha validated in boundary layer 
computations. Therefore this research aims at validating the use of voxel meshes in flow and acoustic computations for 2D 
and 3D flows. 
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Table 1: Mesh details of the 6 cases that were used. Meshes are named as A,B,C,D,E,F for later reference
1. To validate the use of voxel meshes to resolve the boundary layer in turbulent fluid flows using 2 dimensional airfoils.
2. To validate the use of voxel meshes in aeroaoustic computations by predicting the sound radiated from 2 dimensional
airfoils using voxel meshes
3. To resolve the flow around an airfoil with an open tip to understand the characteristics of the tip vortices
4. To predict the noise radiated from airfoil with an open-tip.
3. Related work
M. Miyazawa (2006) Numerically analyzed  the flow field and aerodynamic noise radiated from the turbulent boundary
layer of an airfoil. Due to the complexities in the 3D flow structures, 2D mesh was used in this research [4]. Thomas F. 
Brook, has experimentally showed that there are five main sound sources in an airfoil, namely [5]Turbulent Boundary layer 
trailing edge noise, Laminar boundary layer vortex shedding noise, Separation stall noise, Trailing edge bluntness vortex
shedding noise, Tip vortex formation noise. Out of these five the noise radiated from tip vortices can only be captured by
3D flow profiles. Taro Imamura, ShujiEnomoto, and Kazuomi Yamamoto, of Japan Aerospace Exploration Agency have
researched about the noise generated by tip vortices of a NACA 0012 wing at the Reynolds number and attack 
angle 12 using LES/RANS hybrid method [6]. K.Takemoto (2008) K. Yatsuka (2010) and M.Taira (2010) have
experimentally estimated the flow characteristics as well as the noise radiated by open tip airfoils [7]. K. Yamasari worked 
on predicting the noise generated by an airfoil with an open tip using a standard body-fit mesh by LES method. Even though 
mesh. It was concluded that it is required to utilize a high quality, well refined mesh for aeroacoustic computation [8].
4. Theoretical background
Out of the numerical simulation methods that are available, such as DNS, RANS, LES and Hybrid methods, we have
applied Large Eddy Simulations. The flow solvers are based on incompressible Navier Stokes equation and continuity
equation. The source fluctuations in the flow are first computed by Large Eddy Simulation (LES) of incompressible fluid
with the turbulence model called Dynamic Smagorinsky model [9] descretization was done using second order accurate
finite element method. The source fluctuations are fed to the acoustical computation as input data. The scattering effect in 
high frequencies was taken in to account by solving Helmholtz equation [10].
Name A B C D E F
The mesh type 2D 2D 2D 3D 3D 3D
Chord length 0.15m 0.15m 0.15m 0.15m 0.15m 0.15m
Resolution near the body x/c 0.01 0.00125 0.000625 0.01 0.00125 0.00041
Resolution near the body y/c 0.01 0.00125 0.000625 0.01 0.00125 0.00041
Resolution near the body z/c 0.01 0.00125 0.000625 0.025 0.00313 0.00125
Near wall cell layer thickness as
a % of laminar boundary layer
118% 14% 7% 118% 14% 5%
Near wall cell layer thickness as
% of turbulent boundary layer
30% 4% 2% 30% 4% 1.3%
Number of cell layers in the 
laminar boundary layer
0 7 14 0 7 20
Number of cell layers in the 
turbulent boundary layer
3 25 50 3 25 76
No of cells (M) 6 16 40 6 18 47
span 0.5c 0.5c 0.1c 0.5c 0.5c 0.1c
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5. Methodology
5.1. Mesh Details
In the research we have considered six cases. Three 2D cases and three open-tip cases have been tried out. Three cases
from each were selected to study the mesh sensitivity. The mesh details are given in the Table.1. All meshes were created
using snappyhexmesh utility of OpenFoam
5.2. Boundary conditions
In the research for 2D cases we have used wall boundary condition instead of the cyclic boundary condition due to some
constraints in mesh data conversion (Fig.2.a) In 3D cases one of the tips of the wings is being replaced by an inlet.
(a)                                                                                              (b)                                                                                  
Fig 2 : Boundary conditions of flow computations (a) Boundary conditions of 2D  airfoils (b) Boundary conditions of Open tip airfoils
The boundary conditions are converted in to acoustic boundary conditions during the acoustic computation (Fig 3). The
walls and body are treated as the acoustic wall boundary condition. Inlet and outlet are specified as the Non reflective 
boundary condition (NRBC).
(a) (b)   
Fig 3 : Boundary conditions of acoustic computations (a) Boundary conditions of 2D  airfoils (b) Boundary conditions of Open tip airfoils
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5.3. The computational parameters
All the simulations were done at the same Reynolds number and the attach angle. Every case was simulated for more
than 3 nondimensional time. Smaller meshes that were coarse in resolution were simulated for longer time period. The
computational parameters are listed in the Table 2. Flow field computation was done by FrontFlowBlue-7.2 software and 
Acoustic computation was done by FrontFlowBlue-Acoustic2.2 based on the governing equations mentioned in 4.
Table 2 : Computational parameters of the simulations
Parameter Value
Reynolds Number 292,397
Attack Angle
Main Stream Velocity 30m
Turbulence model Dynamic Smagorinsky
Pressure coupling algorithm Standard Fractional stepEuler forward with standard Galerkin
Finite element formulation Crank-Nicholson with standard Galerkin
. Results
The pressure coefficient values, wake profiles, lift & drag coefficients of the 2D cases were compared with experimental
cy, but the 
accuracy of SPLs were largely depending upon the resolution of the mesh. Then the results obtained by 3D flow data were
complexities in the 3d flow. The mesh E and F could partially capture the complexity of the tip vortices and the accuracy of 
the flow characteristics and sound pressure levels rose with the accuracy in the mesh
6.1. Results of flow around 2D airfoils
(a) fdgfhghhjhjhkhjkjlkjlkjlkjlklklklkjlkjljj(b)fhghgjhkhjkhhgfgfhfghgfhghghjhghjhgjhj(c)
Fig 4 : Vortical structures of flow around 2D airfoils (a) mesh A (b) mesh B (c) mesh C
Characteristics of the flow around a NACA0012 airfoil is that the vortical structures change the alignment from span-wise
direction to wall normal direction and finally to stream-wise direction. We can observe that the vertical structures alignment
more clearly in B and C compared to mesh A (Fig 4). Lift and drag coefficients of each Mesh was compared with that of the
experimental values and they were in good confirmation with each other (graph 1-a). The pressure coefficients of the 2D
meshes were compared in the graph 1-b. Some oscillations in the values can be observed due to the step like structure in the
voxel meshes. However all three meshes confirms to the experimental Cp values very closely. The sound pressure levels 
however show a huge variation in accuracy with the resolutions of the meshes. Nearly 20db improvement in the accuracy 
can be observed between mesh B and mesh C (graph 1-c)
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(a) (b)
(c)
Graph 1 : Results of 2D airfoil flow simulations (a) Lift and drag coefficients (b) Pressure coefficient (c) Sound pressure levels
6.2. Results of airfoils with open-tip
(a) fdgfhghhjhjhkhjkjlkjlkjlkjlklklklkjlkjljj(b)fhghgjhkhjkhhgfgfhfghgfhghghjhghjhgjhj(c)
Fig 5 :Vortical structures of flow around open tip airfoils (a) mesh D (b) mesh E(c) mesh F
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One of the key feature in the open tip airfoils is the formation of tip vortices. We can clearly see in the (Fig 5-a) that a 
mplexities in the 3dimensional flow. However 
in mesh E and mesh F we can observe the formation of the tip vortices (Fig 5-b, Fig 5-c)
Lift and drag coefficient of each mesh was compared with that of the experimental values obtained by Y.Suzuki [11]. Even
t
comparable with the experimental data. We could also observe that the lift and drag coefficient values of mesh F the finest 
cell resolution mesh was comparable with that of the experimental data. (Graph 2-a)
Mesh F were comparable with the experimental data. (Graph 2-c)
The sound pressure levels obtained followed the same pattern in the trend the values were below the experimental values.
Nearly 10-20db improvement in the accuracy can be observed between mesh E and mesh F (Graph 2-b)
(a) (b)
(c)
Graph 2 : Results of open tip airfoil flow simulations (a) Lift and drag coefficients (b) Sound pressure levels (c) Pressure coefficient
7. Conclusions
Six cases were studied, where 3 cases were 2 dimensional meshes with different resolutions and 3 cases were meshes with
Therefore one of the aims of this research was to validate the use of voxel meshes using 2-dimensional airfoils. After 
comparing the results of the 3 cases, in various parameters such as pressure coefficient, lift and drag coefficient, wake
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profiles and vertical structures, it was apparent that the voxel meshes can be used in boundary layer computations with 
sufficient accuracy. Also it was noted that some oscillations in pressure could be observed due to the step like structure in 
the airfoil shape generated by snappyhexmesh. 
meshes in aeroacoustic computations. The results obtained by the aeroacoustic computations were in par with the 
experimental results obtained.  
One of the other objectives of the research was to simulate the formation of tip vorties. Tip vortex flow is a very 
complicated flow. The tip vortex system originated from the complex three-dimensional separated flow is highly unsteady 
and turbulent. Since it was possible to validate the usage of voxel meshes in resolving the boundary layer of a 2-dimensional 
airfoil, it was adapted in resolving a more complex flow, such as the flow around an airfoil with an open tip. The coarse 
ent to capture the complexities in the 3 dimensional flows. However the meshes with finer resolution 
could partially capture the formation of tip vortices. 
Predicting the noise radiated from an airfoil with an open tip was the final objective of the results. The results obtained from 
the computation were compared with that of the experimental results. Even though the results were showing the same 
pattern as that of the experimental results the overall result was lower than that of the experimental value. This might have 
occurred due to the insufficient resolution in the mesh utilized in computation, as well as the compact domain size that 
limits the ability to capture the vortices.  Therefore we can suggest the following resolutions for better results as given in the 
Table 3 
Table 3: Resolution suggested for obtaining results with adequate accuracy 
The case 
Minimum resolution needed in each direction normalized by the 
chord length 
Stream wise 
direction X/C 
Wall normal direction 
Y/C 
Span wise direction 
Z/C 
For 2D Flow 
computation 0.00125 0.00125 0.00125 
For 2D Acoustic 
computation 0.000625 0.000625 0.000625 
For Open tip Flow field 
computation 0.0004 0.0004 0.0004 
For open tip acoustic 
computation < 0.0004  < 0.0004 < 0.0004 
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